We combine resonant scattering with (ptychographic) scanning coherent diffraction microscopy to determine the chemical state of gold nanoparticles with high spatial resolution. Ptychographic images of the sample are recorded for a series of energies around the gold L 3 absorption edge. From these data, chemical information in the form of absorption and resonant scattering spectra is reconstructed at each location in the sample. For gold nanoparticles of about 100 nm diameter, a spatial resolution of about 20-30 nm is obtained. In the future, this microscopy approach will open the way to operando studies of heterogeneous catalysts on the nanometer scale. V C 2013 AIP Publishing LLC.
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Catalysts play a key role in chemical industry, energyrelated processes, and exhaust gas after-treatment. Nowadays, almost all chemicals are produced using at least one catalytic step. In order to optimize catalytic processes, for example, in view of catalyst activity, selectivity, or lifetime, it is crucial to understand the function of the catalyst under realistic working conditions. 1 This requires monitoring the chemical state of the catalyst on a large range of length scales, from the atomic level up to the size of the catalytic reactor.
2 X-ray microscopy is an ideal technique to address this question, in particular with the chemical sensitivity obtained with x-ray absorption spectroscopy as contrast. 3 The greatest advantage of x-ray microscopy over other techniques is that hard x-rays can penetrate the chemical reactor and thus allow the investigation of catalysts in operando. 4 In combination with tomographic techniques, even the local chemical state inside the sample can be reconstructed. 5 Conventional x-ray microscopy is limited in spatial resolution, covering the length scales above several tens of nanometers. The resolution gap between conventional microscopy and the atomic level can be bridged by coherent x-ray diffraction imaging techniques. 6 In particular, scanning coherent x-ray diffraction microscopy, also known as ptychography, 7 can overcome the limits of conventional x-ray microscopy in terms of spatial resolution and at the same time image extended objects. 8, 9 The method has quickly found applications 10, 11 and has been extended to three dimensions by a combination with tomography. 11, 12 In addition, ptychography can be combined with spectroscopic techniques. This has been demonstrated in the soft x-ray range 13 discriminating between micrometer sized spheres of different materials by evaluating the attenuation and phase shift at a few energies around the oxygen K edge. Recently, by a differential contrast measurement at the gold L 3 edge, it was possible to discriminate between gold and silver at high spatial resolution in Au/Ag nanoparticles. 14 In this letter we used resonant spectroscopic ptychography to image the local chemical state of gold nanoparticles with high spatial resolution (20-30 nm), obtaining full resonant scattering spectra around the L 3 edge of gold at each location in the image. In this way, chemical information can be gained for single nanoparticles and with unprecedented sensitivity, i.e., for about 16 Â 10 6 atoms in a gold nanoparticle (27 attomol). This is important for studying in situ catalytic reactions, in particular on the scale of single catalytic nanoparticles.
The experiment was carried out at the nanoprobe endstation at beamline P06 of the synchrotron radiation source PETRA III at DESY in Hamburg, Germany. 15 This hard x-ray scanning microscope is well suited for ptychographic imaging at high spatial resolution, optimizing the x-ray intensity on the sample by scanning the sample locally with an intense nanofocused beam. 9, 16 The synchrotron radiation beam from the undulator source is monochromatized by a Si (111) double-crystal monochromator. In the hard x-ray scanning microscope located about 98 m from the source, the beam is focused by a pair of nanofocusing refractive x-ray lenses made of silicon. 17 For this particular experiment at the gold L 3 edge, a hard x-ray nanobeam with full-width-at-halfmaximum (FWHM) lateral dimensions of 130 Â 230 nm 2 (vertical Â horizontal) was used to record the ptychographic datasets of a test sample.
This sample made of gold nanoparticles on a silicon nitride membrane was prepared by drop coating a suspension of 100 nm gold colloids in water (from BBI) onto a TEM sample grid with a 20 nm thick silicon nitride membrane (from TEMwindows.com). The shape of the particles is mostly spherical-like (>95 %), but uneven shapes (<5 %), e.g., triangular ones, are also present. After drying, the sample was inspected by an FEI Helios EBS3 dual-beam electron microscope mounted with a gas injection system (GIS) and precursor (C 9 H 16 Pt) that enables electron beam induced deposition (EBID) of platinum. Interesting areas were marked by a platinum ring with a diameter of 1 lm and a width and thickness of approximately 100 nm. Fig. 1(a) shows a scanning electron microscopy (SEM) image of the sample. After inspection, the sample was coated with approximately 5 nm of carbon to avoid static charging in the x-ray beam.
Of this sample, we acquired two series of ptychographic datasets around the Au L 3 Figs. 1(b) and 1(c) show the ptychographic reconstruction of the nanoparticles in modulus and phase, respectively. For gold nanoparticles of this size, the signal-to-noise ratio in the phase is much better than in the modulus (maximal attenuation: 1.4%). Quantitatively, a maximal phase shift of about À100 mrad is measured, in good agreement with that expected for 100 nm of gold.
Similar reconstructions are obtained for all energies. From the reconstructed data, the modulus and phase at each position in the object can be extracted as a function of energy. In this way, the change in phase shift due to resonant scattering and that in modulus due to absorption can be extracted locally. Fig. 2(b) shows the phase as function of energy for several nanoparticles marked in Fig. 2(d) . The other gold particles marked in red in Fig. 2(e) show similar spectra. The phase inside rectangle A on the platinum ring [ Fig. 2(d) ] exhibits a flat spectrum apart from fluctuations. The phase inside rectangle B in Fig. 2(d) on the Si 3 N 4 membrane served as reference. The refraction and thus the (negative) phase shift by the gold particle are reduced as a consequence of resonant scattering at the L 3 absorption edge of gold. This is quite a strong effect, reducing the refractive power by about one quarter. The aim is to determine the local chemical environment of the given atomic species (gold), e.g., its oxidation state. This can be done by comparing the measured data to reference spectra.
The solid and the dashed curves show the resonant spectrum in the phase for metallic and trivalent gold, respectively, Fig. 2(e) visualizes the elemental distribution in the sample, red areas are gold and blue area is platinum.
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Hoppe et al. Appl. Phys. Lett. 102, 203104 (2013) as calculated using the Kramers-Kronig relation 21 from absorption spectra of the two chemical species shown in Fig.  2(c) . The spectra of the four selected particles [ Fig. 2(d) ] are well matched by that of the metallic gold foil [cf., Fig. 2(b) ]. A contribution of trivalent gold lies below the noise level. Therefore, within the uncertainty introduced by the fluctuations in the spectra, these particles are in the metallic state, and the concentration of oxidized gold within the particles lies below the current detection limit. There is no oxidized gold particle in the sample. In order to improve the detection limit, the noise level in the ptychograms needs to be reduced. Currently, the fluctuations of the phase lie in the range of several milliradiants. In the future, the noise level is expected to be pushed well below the milliradiant range (cf., discussion below). Fig. 2(a) shows the ptychographic reconstructions at selected energies [dashed vertical lines in Fig. 2(b) ]. The four images right at the absorption edge (11913 eV, 11919 eV, 11920 eV, and 11921 eV) were recorded with 0.3 s exposure time and thus have a slightly reduced spatial resolution compared to the other reconstructions that were recorded with 1.5 s exposure time. In the image sequence the reduction of the phase shift is clearly visible in the gold particles, while the phase shift in the platinum ring remains unchanged. At the same time, a meaningful spectrum for the attenuation could not be extracted for these small particles as the signal-to-noise ratio is not sufficient in this case.
To evaluate the spatial resolution in the ptychograms, we compare the reconstructions with model calculations. From the SEM image [cf., Fig. 3(a) ], a transmission model is constructed of perfect gold spheres shown in Fig. 3(b) . This idealized transmission model is convolved with a Gaussian blur to match quantitatively the phase distribution in the reconstructed images. We used the width of the Gaussian blur (FWHM) as the only fit parameter. Figs. 3(c) and 3(d) show the reconstruction and the best fit by the model image, respectively, for the case of an exposure time of 1.5 s, yielding a spatial resolution of about 19 nm (FWHM). For the shorter exposure time of 0.3 s, the comparison shown in Figs. 3(e) and 3(f) yields a spatial resolution of about 27 nm (FWHM).
The spatial resolution of a ptychographic reconstruction depends on the statistics in the diffraction patterns. 9, 16 The resolution of the reconstructions with the longer exposure times, i.e., 1.5 s, is about 1.4 times higher than that of those with the shorter exposure time (0.3 s). This is in good agreement with the difference in resolution expected for diffraction from a generic object, i.e., a factor ffiffi ffi 5 4 p % 1:5 for diffraction patterns that follow an approximate power law behavior of q À4 with increasing momentum transfer q.
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In order to improve the spatial resolution in the future, the fluence 23 on the sample needs to be increased. This can be achieved by increasing both the exposure time and the coherent flux density on the sample. At beamline P06 at PETRA III, the latter can be achieved by focusing the coherent flux to the aperture of the nanofocusing optic. 15 In this way, the fluence can be increased by at least three orders of magnitude compared to the current experiment, leading to an increase in spatial resolution by almost one order of magnitude. A spatial resolution of a few nanometers should be achievable for small metallic particles. As the detectability of a feature, e.g., a catalytic particle or part of it, is nearly independent of its surrounding, 16 it should be possible to investigate supported catalysts inside a micro reactor with high imaging quality in the future.
For such weakly scattering objects, such as these small catalytic nanoparticles, background scattering from the flighttube window in front of the detector, the air gap between flight tube and detector, and the detector itself can be quite significant compared to the diffraction signal from the sample. Here, we subtracted the background using a model based on elastic and Compton scattering prior to ptychographic reconstruction. For even more weakly scattering samples and for higher spatial resolution, this background needs to be reduced in the future, e.g., by placing the detector in vacuum or using an appropriate data acquisition procedure with beam stops.
Resonant scanning coherent diffraction imaging has significant advantages over conventional x-ray scanning microscopy, e.g., with transmission or fluorescence contrast. Besides the intrinsically enhanced spatial resolution, chromatic effects in the nanofocusing optic are fully compensated. For instance, the refractive x-ray optics used in this experiment are chromatic, i.e., the focal length changes with energy. Thus the illumination in the sample plane changes slightly from energy to energy, affecting the spatial resolution in conventional scanning microscopy, like micro x-ray absorption near edge structure (XANES) spectroscopy in absorption and fluorescence mode. The ptychographic reconstruction, however, automatically compensates for chromatic changes as long as the defocused illumination in the sample plane is not excessively large. The spatial resolution is unaffected, independent of the chromaticity of the optics. In addition, the technique yields the resonant scattering signal that has a significantly better signal-to-noise ratio than the attenuation for small objects. Therefore, it is ideally suited to image mesoscopic catalytic particles. In the next step, we will investigate catalytic nanoparticles in operando.
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